Objective: Because dysregulated Epstein-Barr virus (EBV)-infected B cells may induce meningeal inflammation, which contributes to cortical pathology in multiple sclerosis (MS), we investigated associations between antibody responses to EBV and development of cortical pathology in MS.
of new inflammatory lesions. [2] [3] [4] Crosssectional and longitudinal studies in patients with MS suggest that exposure to EBV may increase the likelihood of disease progression, as evidenced by clinical and MRI outcomes of disease severity. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In the last decade, it has been established that cortical gray matter (GM) pathology is strongly associated with the presence of cortical subpial lesions, 12 meningeal inflammation in the form of ectopic lymphoid-like structures, 13 and retrograde wallerian degeneration of neurons.
14 Clusters of meningeal inflammatory cells may act to sustain the intrathecal immune response and engender subpial cortical lesions. 15, 16 It has been hypothesized that dysregulated EBV-infected B cells 17 may induce meningeal inflammation that could contribute to GM pathology. Our previous work suggested that higher levels of EBV antibodies are associated with increased MRI lesion activity and greater brain atrophy, particularly of the GM. 2, [7] [8] [9] In this large cohort study, we aimed to examine the association of cortical pathology and IgG anti-EBV antibodies, as measured by cortical atrophy. We focused our attention on cortex because subpial cortical lesions and meningeal inflammation are emerging from pathology and imaging studies as the most important pathologic substrate for cognitive and physical disease progression in MS 12, 15, 18, 19 and EBV-infected B cells may play role in its pathogenesis. 17, 20 METHODS Study population. This study used baseline data from an ongoing prospective study of cardiovascular, environmental, and genetic risk factors in MS that enrolled more than 1,000 patients with CIS, MS, and other neurologic diseases (OND) and healthy controls (HC). 21, 22 The inclusion criteria for this substudy of the association of EBV and cytomegalovirus (CMV) and MRI outcomes were (1) having a valid serum sample for anti-EBV or anti-CMV antibody status determination, (2) having CIS, MS, or OND or being an HC, (3) being between 18 and 75 years old, and (4) having an MRI performed within 30 days of physical/neurologic/serum sample examination with the standardized study protocol. Exclusion criteria were presence of relapse and steroid treatment in the 30 days preceding study entry for patients with CIS and MS, preexisting medical conditions known to be associated with brain pathology (cerebrovascular disease, positive history of alcohol abuse), and pregnancy.
All participants had a physical and neurologic examination. HC needed to meet the health screen MRI requirements and had to have a normal neurologic examination. They were recruited from hospital personnel and respondents to a local advertisement or were spouses of the patients with MS. Race/ethnicity was determined according to US Census Bureau definitions.
Standard protocol approvals, registrations, and patient consents. The study protocol was approved by the local institutional review board and all participants gave their written informed consent.
Determination of anti-EBV and anti-CMV antibodies.
The technicians conducting analyses of anti-EBV and anti-CMV antibodies were blinded to the disease and clinical group status. ELISA kits from Diamedix Corporation (Miami, FL) were used to quantify anti-EBV viral capsid antigen (VCA), EBNA-1 IgG, and anti-CMV antibodies, as previously described. 2, 7 MRI acquisition and analysis. All participants were examined on a 3T GE Signa Excite HD 12.0 Twin Speed 8-channel scanner (General Electric, Milwaukee, WI). MRI sequences included the axial dual fast spin-echo (SE) T2/proton density-weighted image, 3D spoiled gradient-recalled T1-weighted image, SE T1-weighted image pre-and postcontrast, and fluid-attenuated inversion recovery (FLAIR) scans. Pulse sequence characteristics for 3T MRI were as follows. All scans were acquired with a 256 3 256 matrix and a 25.6-cm field of view (FOV) for an in-plane resolution of 1 3 1 mm 2 with a phase FOV of 75% and one average. Sequence-specific parameters were as follows. For the T2/ proton density-weighted image: 3-mm-thick slices with no gap, TE1 (echo time)/TE2/TR (repetition time) 5 12/95/3,000 milliseconds, echo train length 5 14, flip angle 5 90°; for the FLAIR scans: 3-mm-thick slices with no gap, TE/TI (inversion time)/TR 5 120/2,100/8,500 milliseconds, flip angle 5 90°; for 3D T1-weighted image: 1-mm-thick slices with no gap, TE/TI/ TR 5 2.8/900/5.9 milliseconds, flip angle 5 10°; and for SE T1-weighted image: 3-mm-thick slices with no gap, TE/TR 5 16/600 milliseconds, flip angle 5 90°. The SE T1-weighted image sequence was obtained after injection of a single-dose IV bolus (0.1 mMol/kg gadolinium-diethylenetriaminepentacetate) 5 minutes after administration of contrast agent only in patients with MS and CIS.
MRI analysts were blinded to the participants' physical and neurologic condition. The MRI measures included in the analysis were contrast-enhancing (CE) T1 and T2 lesion number and lesion volumes (LVs), assessed by a semi-automated edge detection contouring/thresholding technique, 23 and measures of brain atrophy, including normalized brain volume (NBV), normalized GM volume (NGMV), normalized cortical volume (NCV), normalized white matter (WM) volume (NWMV), and normalized lateral ventricle volume (NLVV), 23 assessed by the SIENAX 2.6 cross-sectional software tool. 24 Statistical analysis. Statistical analysis was performed using The analyses were focused on MRI associations with anti-EBV antibody levels rather than antibody positivity, because the percentage of participants positive for anti-EBV-VCA and anti-EBV-EBNA-1 antibodies was very high (.99%) because of the ubiquity of exposure to EBV. Given that relative concentrations of the anti-VCA and anti-EBNA-1 antibodies are not normally distributed, these were categorized into lower and the highest quartiles based on the whole study sample regardless of clinical group, as previously reported. 2, 7 We also performed a
Pearson correlation analysis between anti-EBV-VCA, anti-EBV-EBNA-1, and anti-CMV antibodies and MRI outcomes. Differences in the categorical variables between the groups were analyzed using the x 2 test. An analysis of variance was used to analyze the differences in continuous variables between the groups. The differences in ordinal variables between the groups were assessed using nonparametric statistics. We used analysis of covariance (ANCOVA), adjusted for age, sex, and treatment status, to investigate MRI differences between anti-EBV-VCA and anti-VCA-EBNA-1 highest and lower quartiles and anti-CMV positive and negative status groups. Given the high colinearity between age and disease duration, the latter was not used as a covariate.
The association analyses between anti-EBV and anti-CMV antibodies and MRI outcomes were corrected for multiple testing using the Benjamini-Hochberg correction. 25 Nominal p values ,0.05 were regarded as significant, using 2-tailed testing. There were 368 patients with RRMS, 135 patients with SPMS, and 35 patients with PPMS in the study. As expected, patients with SPMS and PPMS were significantly older, had longer disease duration, and had a higher level of disability than those with RRMS.
RESULTS
Eighteen (10.1%) HC, 7 (12.3%) patients with OND, 68 (31.2%) patients with MS, and 22 (33.3%) patients with CIS were grouped into the highest quartile of anti-EBV-VCA antibodies; the corresponding numbers for anti-EBV-EBNA-1 antibodies were 13 (7.3%), 9 (14.3%), 182 (33.8%), and 19 (28.8%), respectively (table 1 and table  e-1) . The mean titer of anti-EBV-VCA antibodies was significantly greater in patients with MS and CIS than in HC (table 1, p , 0.001), and there was a trend for greater mean titer of anti-EBV-EBNA-1 antibodies in patients with MS and CIS (table 1, p 5 0.068). Frequency of the highest quartile status group of anti-EBV-VCA antibodies was similarly distributed across all MS subtypes. In contrast, more patients with RRMS (36.3%) than those with SPMS (22.2%) and PPMS (28.6%) were found in the highest quartile group of anti-EBV-EBNA-1 antibodies (p 5 0.001). No significant differences in mean titer of anti-EBV-VCA and -EBNA-1 antibodies were detected between different MS subtypes.
No significant differences between patients with MS and CIS and HC (table 1) or between different OND subtypes (table e-1) were found for anti-CMV antibody positivity or mean titer.
MRI differences according to the anti-EBV-VCA antibodies. Table 3 and figure 1 show group differences of MRI measures between the anti-EBV-VCA highest and lower quartiles across the study groups. Among patients with MS, increased T2 LV (p 5 0.001), T1 lesion number (p 5 0.002) and LV (p 5 0.04) and decreased NGMV (p 5 0.041) and NCV (p 5 0.043) were observed in the highest quartile status group. There were no differences between the anti-EBV-VCA highest and lower quartile status groups and MRI outcomes in the HC, OND, or CIS study groups. In Pearson correlation analysis performed in patients with MS, there was a significant association between the greater anti-EBV-VCA titer and increased T1 lesion number (r 5 0.12, p 5 0.008) and decreased NGMV (r 5 0.11, p 5 0.014) and NCV (r 5 0.1, p 5 0.018). No associations between the anti-EBV-VCA titers and MRI outcomes were detected in HC, OND, or CIS study groups.
Group differences of MRI outcomes between anti-EBV-VCA highest and lower quartile status groups within RRMS, SPMS, and PPMS subtypes are shown in table 4 and figure 1. An increased T2 LV (p 5 0.018) and T1 lesion number (p 5 0.039) and decreased NGMV (p 5 0.01) and NCV (p 5 0.025) were detected in patients with RRMS in the highest quartile status group. Patients with SPMS showed increased T2 LV (p 5 0.004), T1 lesion number (p 5 0.017), and LV (p 5 0.033). No anti-EBV-VCA highest and lower quartile status group MRI outcome differences were found for the patients with PPMS. In Pearson correlation analysis performed in patients with RRMS, there was a significant association between the greater anti-EBV-VCA titer and decreased NGMV (r 5 0.13, p 5 0.019) and NCV (r 5 0.12, p 5 0.034). Patients with SPMS showed a significant association between increased T2 LV and greater anti-EBV-VCA titer (r 5 0.22, p 5 0.011). No associations between the anti-EBV-VCA titers and MRI outcomes were detected in patients with PPMS.
MRI differences according to the anti-EBV-EBNA-1 antibodies. Similar within-group analyses were carried out for anti-EBV-EBNA-1 antibodies. No anti-EBV-EBNA-1 highest and lower quartile status group MRI outcome differences were found for patients with MS, CIS, and OND and HC (table e-2 and figure e-1). In Pearson correlation analysis, no associations between the anti-EBV-EBNA-1 titers and MRI outcomes were detected in MS, HC, OND, or CIS study groups. Table e Differences between the groups were tested using x 2 test, Mann-Whitney rank-sum, or analysis of variance.
anti-EB-EBNA-1 titers and MRI outcomes were detected in patients with SPMS or PPMS.
MRI differences according to the anti-CMV antibodies.
No significant associations between MRI outcomes and anti-CMV antibody positivity or mean titer were found in patients with MS, CIS, and OND or in HC. Because no significant results were found in the MS group, no further analyses regarding MS subtypes were performed.
DISCUSSION This cohort study examined association between the humoral response to EBV and MRI outcomes and investigated specifically the effect of this relationship in the cortex of patients with MS in vivo. Moreover, this study investigated whether the association of humoral response to EBV and MRI outcomes is MS-specific. The present study included 63 patients with OND and 178 HC who were age-and sex-matched to the patients with MS and who underwent anti-EBV and anti-CMV antibody determination and standardized 3T MRI with identical study procedures as part of a prospective cardiovascular, environmental, and genetic risk factor study in MS. 21, 22 We did not find significant associations between humoral response to EBV and CMV and MRI outcomes in patients with OND (even of autoimmune origin) and Table 2 Demographic Differences between the groups were tested using x 2 test, Kruskall-Wallis, or analysis of variance.
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HC, indicating that this relationship is MS-specific. Therefore, the current study supports a number of previous pathologic reports suggesting that meningeal inflammation and increased GM pathology may be induced by dysregulated EBVinfected B cells. 13, 17, 20 It is well known that mononucleosis, an infection caused by EBV, has been linked to the increased risk of developing MS in susceptible adolescents and young adults. 26 Evidence is mounting that EBV exerts its adverse disease susceptibility effects in MS via interactions with other host-related environmental and genetic factors. 8, 11, 27 Elevated titers have been reported against both the EBV-VCA, which is expressed in the viral replicative cycle, and the anti-EBV-EBNA-1, which is expressed in latently infected B lymphocytes.
1 Anti-EBV-VCA and -EBNA-1 elevation may indicate a more severe infection among patients with MS. It has been shown that EBV infection-mediated T cell response could lead to cross-reactivity with self-antigens. There is an expansion of activated circulating T cells that are specific for EBV latent and lytic antigens in patients with acute infectious mononucleosis. 1 The association of EBV-infected B cells located in ectopic follicles 13, 17, 20 and cortical pathology in patients with MS could not be initially replicated. 28, 29 However, more-recent investigations that used sensitive radioactive probes against EBV-encoded RNA have provided further evidence consistent with the presence of EBV-infected cells that are colocalized with innate immune responses characterized by interferon a production in the brain of patients with MS. 30 Higher frequency of CD8 1 T cell response to latent and lytic EBV proteins in inactive, untreated patients with RRMS suggests that inability to control EBV infection during inactive MS could set the stage for intracerebral viral reactivation and disease progression. 31 Another study found cells expressing EBVencoded small RNA of early lytic EBV proteins in the cortical lesion infiltrates of patients with SPMS. 32 The results of the current study support the hypothesis that EBV-infected B cells may play an important role in the cortical and GM pathology. In fact, we found that the predilection of the brain volume loss in patients with MS was localized specifically to the cortex, as no significant differences were found between patients with MS for the highest and lower quartiles and relative mean titers of anti-EBV-VCA and -EBNA-1 antibodies for the whole brain, WM, or lateral ventricles. Lesions in the GM are frequently recognized in the earliest phases of MS 33 and in patients with radiologically isolated syndrome 34 and could be related to meningeal inflammation and germinal centers in which anti-EBV antibody levels may play an important role. In a previous study, Data are presented as mean (SD). All lesion and brain volumes are expressed in cubic milliliters. Differences between groups were tested using analysis of covariance, adjusted for age, sex, and treatment status.
The Benjamini-Hochberg correction was used to control the false discovery rate, and p values ,0.05 were considered significant (denoted by superscript a ). 25 we reported that GM atrophy was associated with anti-EBV-VCA antibody status in a sample of patients with MS recruited from Italy. 9 The present study confirms these preliminary findings in a 5-fold greater cohort of patients with MS who had different genetic and environment characteristics. It also extends our initial observations 9 by demonstrating that the humoral response to EBV has particular implications for the cortical pathology in MS. When the data were analyzed according to the MS disease subtypes, we found significant associations between cortical atrophy and anti-EBV-VCA and -EBNA-1 antibody status in RRMS but not in progressive MS subtypes, probably because of the lower sample size in these groups, especially in the PPMS group. This is in line with findings from a multicenter, prospective, longitudinal Observational Study of Early Interferon beta 1-a Treatment in High Risk Subjects after CIS (SET study), which showed that highest quartile antibody status of anti-EBV-VCA was associated with greater decrease in thalamus volume (p 5 0.003) and a trend for decrease in cortical volume (p 5 0.028) over 2 years in 193 patients with CIS. 7 In the same SET study, development of thalamic atrophy was better associated with development of clinically definite MS than accumulation of new T2 and CE lesions over 2 years. 35 Therefore, our data suggest that humoral response to EBV may exert a robust effect in earlier stages of the MS disease process.
A retrospective analysis of 147 patients with CIS with 5-year follow-up in 117 patients with MS found that anti-EBV-EBNA-1 and -VCA antibody status immune responses were associated with baseline number of T2 lesions and with accumulation of new T2 lesions over 1 and 5 years. 3 In a group of 50 patients with CIS, 25 patients with RRMS, and 25 patients with PPMS followed over a 5-year period, accumulation of CE lesions in patients with established MS was associated with increased titer of anti-EBV-EBNA-1 antibodies. 4 In the SET study, the cumulative number of CE and T2 lesions during the 2-year period was greater for individuals in the highest quartile of anti-EBV-VCA antibodies. 2 In our Italian MS EBV study, we found that anti-EBV-VCA antibody status was associated with higher T2 and T1 LV. 9 In the present study, there was a significant association between increased T2 LV and number and volume of T1 lesions and anti-EBV-VCA and -EBNA-1 antibody highest quartile status and anti-EBV-VCA titer. It is interesting that these associations were present in patients with both relapsing and chronic progressive MS, indicating that humoral response to EBV is associated with more advanced pathologic substrate in the MS lesions. The reactivation of EBV over long-term can be a source of antigenic challenge to the immune system that is capable of promoting the proliferation of B cells and also causing activation of autoreactive T cells, 3 which can potentially explain increased T2 and T1 LVs in patients with the highest quartiles of anti-EBV-VCA and -EBNA-1. Data are presented as mean (SD). All lesion and brain volumes are expressed in cubic milliliters. Differences between groups were tested using analysis of covariance, adjusted for age, sex, and treatment status.
The Benjamini-Hochberg correction was used to control the false discovery rate, and p values ,0.05 were considered significant (denoted by superscript a ). 25 In order to determine whether antibody responses to another nearly ubiquitous virus (anti-CMV) are unique to patients with MS and CIS, we performed an additional analysis exploring anti-CMV positivity and mean titer differences between the study groups. No anti-CMV positivity or mean titer differences were found between patients with MS, CIS, and OND and HC. No associations between MRI outcomes and anti-CMV variables were found in any study group. These findings strengthen our results, indicating that humoral response to anti-EBV antibodies is MS-specific.
This study used an established, standardized method for determination of curve and the concentration of anti-EBV-VCA, anti-EBV-EBNA-1, and anti-CMV antibodies. 2, 7 We used quartiles for anti-EBV antibody titers and concentration determination, as they are not normally distributed, or anti-CMV positivity in the statistical analyses. 2, 7 However, we also provided mean titer data and conducted Pearson correlation analyses between anti-EBV-VCA, anti-EBV-EBNA-1, and anti-CMV antibodies and MRI outcomes to allow comparison with the previous literature. The ANCOVA and Pearson correlation analyses for the anti-EBV-VCA antibody status and MRI outcomes yielded similar results. However, there were discrepancies between ANCOVA and Pearson correlation results for the anti-EBV-EBNA-1 antibodies and MRI outcomes in patients with RRMS, possibly due to antibody values that were not normally distributed, which could have affected the correlation results.
The methodologic strengths of this study are that EBV and CMV examinations were carried out by expert physicians on a large cohort of HC and patients with MS and CIS in the setting of a specialized MS center and that MRIs was collected with standardized and sophisticated imaging protocol at 3T. However, the study is not without limitations. Use of more specific MRI sequences such as double inversion recovery could have increased the ability to capture part of lesion GM pathology in vivo. 19 The cross-sectional nature of this study cannot establish a causal relationship between EBV and greater cortical atrophy in patients with MS, although findings from the control groups indicated that these associations are MS-specific. A longitudinal 5-year examination of the present cohort is under way in our center to determine the cause-effect relationship of humoral response to EBV and progression of MRI and clinical outcomes.
Our results demonstrate that humoral immune responses to herpesviruses such as EBV are associated with more advanced cortical atrophy and accumulation of chronic T1 black holes and focal WM lesions in patients with MS. The results provide evidence for further research aimed at modulating the response of patients with MS to these viruses via drug and vaccine strategies.
